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Water contamination is a major issue in eastern North Carolina mainly due to the 
numerous concentrated animal feeding operations (CAFOs) that are located in these 
areas. CAFOs accumulate immense amounts of waste and store it in large lagoons. 
These facilities are poorly regulated and often placed in high flood zones. Past studies 
have shown that these lagoons frequently overflow and contaminate local groundwater 
supplies. Public water systems are legally required to test for indicators of 
contamination, specifically total coliforms and Escherichia coli, however, there is a lack 
of knowledge surrounding the level of contamination in private well water systems as 
they are not required to be tested. In order to address these shortcomings, the NSF 
project in the Gillings School of Public Health investigated the extent of fecal 
contamination in private water systems. One method that was used to analyze the 
levels of contamination in private water systems was the EPA’s Method 1604: Total 
Coliforms and Escherichia Coli in Water by Membrane Filtration Using a Simultaneous 
Detection Technique. While this method has shown to be useful for determining 
contaminants in groundwater, preliminary data collected in our laboratory suggest there 
are shortcomings. While using this method, indicators of contamination continued to 
appear after the protocol’s recommended incubation period. After studying the effect of 
various incubation periods, it appears that 48 hours, rather than the recommended 24 
hours, is more appropriate for measuring the extent of contamination in private drinking 
water systems. These findings suggest that a revision may be needed in the EPA’s 
protocol for membrane filtration, especially in the context of evaluating the safety of 
water for human consumption. 
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Introduction  
Eastern North Carolina is categorized by many high-risk flood zones. Flooding 
alone increases the risk of contamination of local water supplies, but eastern North 
Carolina is at an even greater risk of water contamination due to numerous 
Concentrated Animal Feeding Operations (CAFOs) that are found throughout the area.1 
CAFOs are extremely large industrial farms, such as hog farms, that produce massive 
amounts of product along with extensive amounts of waste. The problems created from 
these farms are multiplying as they grow in size and become concentrated within the 
eastern regions of North Carolina.1  
Large-scale farms tend to be located in high-risk flood zones due to the low 
property value of the land. Companies have the opportunity to build large facilities at a 
low expense and can expand readily. This is highly problematic as the waste 
accumulated by CAFOs is often left untreated and stored in large holding lagoons.1 
Waste lagoons are potential risks for the health of local communities because 
contaminants often seep into the ground and infect local groundwater supplies1.  
The EPA found that twenty-nine states, including North Carolina, had 
contaminated water supplies due to the runoff and overuse of manure from large 
industrial farms.2 A large-scale study in the United Kingdom found that most waterborne 
disease-causing organisms found in surface water are spread through human or animal 
waste.3 However, industrial farms are not the only factor of contamination as there are 
other risks, such leaks from septic tanks. Studies have found that “a significant fraction 
of all waterborne disease outbreaks is associated with groundwater. An estimated 
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750,000 to 5.9 million illnesses per year result from contaminated groundwaters in the 
US”.3  
Therefore, fecal waste contamination is of great concern, particularly in North 
Carolina where CAFO waste lagoons are prone to flooding, manure is likely to run-off, 
and contaminants from other sources are poorly regulated.  Additionally, a large portion 
of the United States population uses well water as their primary source of drinking 
water. In North Carolina, nearly 2.4 million people use well water as their primary water 
source.4  
Though research has been conducted testing water quality in groundwater and 
local water supplies, there is still a lot of unknown information surrounding the extent of 
these contaminants in private well water systems and its effect on human health. Thus, 
the NSF Rapid project  focused on quantifying levels of contamination in private well 
water systems in North Carolina. This project was a longitudinal study that took place 
over the course of ten months and was concentrated in North Carolina. 
Each subject of this study was private well that was used for drinking water and 
sampled at the permission of the homeowner. Once the water samples were collected, 
each sample was tested for total coliforms and Escherichia coli through the process of 
membrane filtration.  
Total coliforms are a group of related bacteria, most of which are not harmful to 
human health.5  The presence of total coliforms in water samples is used as an 
important indicator of other pathogens that are known to cause human health issues.2 
These health threats include cholera, typhoid, and infectious hepatitis A.3 When 
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extremely small amounts of total coliforms are detected, it is unlikely that fecal 
contamination has occurred, rather the source of contamination is more likely from 
environmental factors.6 This still presents issues as environmental contaminants can 
still indicate the presence of dangerous pathogens.  
Conversely, E. coli is a subgroup of total coliforms that does indicate fecal 
contamination. Fecal contamination indicates a greater likelihood that dangerous 
pathogens are present.6 As stated by the EPA, the smallest amounts of total coliforms 
can be unsafe for consumption, as there have been instances of waterborne disease 
outbreaks containing minute amounts of total coliforms.2 Therefore, the National 
Primary Drinking Water Regulation set the minimum number of total coliforms and E. 
coli colonies to be zero for all public water systems.5 Private wells are not required to be 
tested, which is problematic because studies have estimated that 20% of wells have 
contaminants in them. 5, 7 
Due to private water systems not required to be tested for total coliforms and E. 
coli, little is known about the levels of contamination in individuals’ well water, and even 
less is being done to prevent or treat possible pathogens.  
To test levels of contamination, bacterial and viral indicators were analyzed. 
Bacterial indicators, total coliforms and E. coli, were tested through two different 
methods: membrane filtration and IDEXX Colilert testing. Membrane filtration was used 
as a direct count method, where colonies are directly counted following filtration.5 
IDEXX Colihert testing predicted the “Most Probable Number” (MPN) of pathogens in a 
water sample, which is advantageous for the field but is not as accurate as direct count 
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methods.8 A single agar layer coliphage assay was used to test for viral indicators of 
fecal contamination. Viral indicators that were used were two different viruses known to 
infect E. coli.9 This was a direct count method in which plaques were visualized and 
counted, correlating to a level of contamination.  
This project specifically investigated the protocol for membrane filtration that 
tests for contaminants in groundwater.5 After samples were filtered via membrane 
filtration, they were incubated for 24 hours. It was observed that new total coliforms and 
E. coli colonies appeared after extended incubation periods. The appearance of these 
colonies after extended incubation periods raises concerns for human health, because 
the appearance of colonies at later time periods still indicates that the well water sample 
is contaminated. Therefore, filtered samples from the NSF Rapid project were read at 
24, 48, and 72 hour increments to see if there is a more ideal time for the plates to be 




Water samples were collected for the NSF Rapid project in Dr. Emanuele Sozzi’s 
microbiology lab at the University of North Carolina Gillings School of Public Health. 
Samples were collected from approximately twenty households across Bladen, 
Robeson, and Orange county in North Carolina (Figure 1).  Each sample corresponds to 
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a well that was used by an individual 
for drinking water . Each participant 
agreed to participate in this ten-month 
long study. 
Once the water samples were 
collected in sterilized one-liter 
containers, they were immediately 
placed on ice, and transported back to 
Chapel Hill. Upon arrival at UNC, the samples refrigerated for 24 hours before analysis. 
All samples were analyzed for bacterial and viral indicators of fecal contamination. 
Bacterial indicators were determined through membrane filtration and IDEXX Colilert 
Testing. Viral indicators were assessed through a single agar layer plaque assay. For 
the scope of this thesis, membrane filtration will be the method of focus.  
The filters used during membrane filtration are semi-permeable and select for 
bacteria based on size as filters are 0.45 microns and capture indicators of 
contaminants while allowing for the water to pass through. Membrane filtration 
visualizes two bacterial indicators: total coliforms and E. coli.  Figure 2 provides a 
diagram representation of the filter set up that was used during membrane filtration.  
Figure 1: Sample Locations 
Counties that were sampled in congruence with the NSF Rapid 
project. Left: Robeson (Population:130,625), Right: Bladen 







Samples were filtered through 
the membrane at quantities of 100mL 
and 1L. After filtration, the membrane 
is then plated on a selective 
chromogenic/fluorogenic medium 
known as MI agar. MI agar is selective 
for the desired bacterial indicators 
because it includes enzyme substrates 
that detect the presence of β-
galactosidase and β-glucuronidase.4 
These are sugars that are produced by 
total coliforms and E. coli, respectively.13 
Once plated, samples were 
incubated for 24 hours. Plates were then 
read for total coliforms and E. coli under 
ambient and 365-nm ultraviolet light. On 
MI agar, total coliforms appear white and 
fluoresce under UV light.5 E. coli 
colonies appear a prominent blue-green 
color and sometimes fluoresce under UV 
light. These colonies are visualized in 
Figure 3.  
Figure 2: Membrane Filtration 
Sample is poured from the top of a funnel and is filtered 
through a semi-permeable membrane. This membrane filter is 
then plated on a selective media that allows for total coliforms 
and E. coli colonies to grow.  
 
Waqalevu, Viliame. (2015). A Preliminary Assessment of the Human Health Risks 
Associated with the Consumption of the Freshwater Mussel, Batissa violacea. 
  
Figure 3: Plated Bacterial Indicators 
Total coliforms and E. coli colonies in ambient (left) and 
ultraviolet light (right). Total coliforms appear as yellow under 
ambient light and blue fluoresce under UV light. E. coli 







Plates were then incubated for additional periods of time as colonies continued to 





To test whether there was an increased appearance of colonies after extended 
incubation periods, membrane filtration was conducted. After filtration, membranes were 
plated on MI agar and then incubated for various time periods. A total of 96 samples 
were filtered, but as seen in Figure 4 
not all samples were read at each 
incubation period.  
Of the samples that were 
filtered, 67 plates were read after 24 
hours of incubation and 48 hours of 
incubation, 46 samples were read 
after 24, 48, and 72-hour incubation 
(Figure 4). The samples that were 
analyzed during this experiment had 
very few E. coli colonies so the 
following data is presented in terms 
of total coliforms, which is still a 
worrisome indication of contamination.  
Figure 4: Sample Sizes at Each Incubation Period 
Number of plates read at each incubation period. Though the 
sample sizes vary, all samples were read at 24-hour incubation for 
indicators of contamination: total coliform colonies.  
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After each incubation period, the 
number of plates containing total 
coliforms, the number of plates that 
showed an increase in total coliforms, 
and the average number of colonies per 
plate are analyzed (Figure 5 and 6).  
After a 24-hour incubation, 20 
plates had total coliforms present. After 
a 48-hour incubation, 32 plates had total 
coliforms present. After a 72-hour 
incubation 22 plates had total 
coliforms present (Figure 5). The 
number of plates that increased in 
colony count from a 24 to 48-hour 
incubation was 25. The number of 
plates that increased from a 48 to 
72-hour incubation was 7 (Figure 5).  
 The average number of total 
coliform colonies on each plate was 
also analyzed across each 
incubation period. This was done by 
summing the total of every colony 
Figure 5: Total Coliforms at Each Incubation Period 
The dark green circles represent the number of plates that had 
total coliforms at each incubation period. The light green 
circles show the number of plates that increased in colony 
count from the previous incubation period. 
 
Figure 6: Average Total Coliforms Per Plate 
Average number of total coliform colonies at each incubation 
period. This was calculated by summing the direct count of 
every colony at each incubation period and then dividing by the 
number of plates read.  
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counted and then dividing by the 
number of plates read in each time 
period. After a 24- hour incubation 
period, the average was 3.6 total 
coliforms per plate. After 48 hours, the 
average was 4.9 total coliforms per 
plate. After 72 hours, the average was 
4.8 total coliforms per plate (Figure 6). 
The data was then analyzed in 
terms of the percent of plates that had 
total coliforms at each incubation 
period. This was calculated by adding all 
the plates with total coliforms at each 
incubation period and then dividing by the 
number of plates read at each period. 
After a 24-hour incubation, 20.1% of 
plates had total coliforms. After a 48-hour 
incubation, 47.8% of plates had total 
coliforms. After a 72-hour incubation 
47.8% had total coliforms (Figure 7).           
Additionally, the plates that 
increased in total coliforms from the 
Figure 7: Percent of Contaminated Plates 
Percent of plates that had one or more total coliforms at each 
incubation period. This was calculated by summing all plates 
that had indicators of contaminants at each incubation period 
and dividing by the total number of plates read at that period. 
Figure 8: Percent of Plates that Increased in 
Contamination 
Percent of plates that increased in colony count from the 
previous incubation period.  
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previous incubation period was analyzed in percentages as well. This was done by 
calculating the percent of plates that increased in total coliform colony count from the 
previous incubation period to the next. From a 24-hour incubation to a 48-hour 
incubation, 37.3% of samples increased in the number of total coliform count. From a 
48-hour to a 72-hour incubation, 15.3% of samples increased in the number of total 
coliform count (Figure 8). 
  
Discussion 
It appears that a 48-hour incubation period is more ideal for categorizing and 
quantifying the exact number of total coliforms from each sample. As seen in Figure 5, 
the 48-hour period not only had a peak in plates that were contaminated, 25, but also a 
peak in plates that increased in total coliform count from the previous incubation period, 
32.  The 48-hour incubation period also had the largest average of total coliforms per 
plate, an average of 4.9 total coliform colonies per plate (Figure 6).  
Additionally, there was the largest increase in the percent of plates with 
contaminants from 24 to 48 hours (Figure 7). At 24 hours, there was only 20.1% of 
plates that had total coliforms. There was then a drastic increase at 48 hours, where 
47.8% of plates had total coliforms (Figure 7). This percentage remained consistent at 
72 hours. This is an interesting trend to note, as there is not a continual increase in the 
number of plates containing contaminants as time increases. Instead the 48-hour 
incubation is a point of diminishing return. This can be seen with both the flattening of 
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the curve in the average of total coliforms as well as the percent of contaminated plates 
per incubation period.  
Finally, there was also a diminishing return in terms of the percent of plates that 
increased in contaminants. This can be seen through the 37.3% of plates that increased 
from a 24 to 48-hour incubation period, whereas only 15.3% increased from a 48 to 72 
hour incubation period (Figure 8). Thus, after a 72-hour incubation, colonies continued 
to appear but the biggest spike in the number of plates that had increased counts of 
colonies was after 48 hours. This indicates 48 hours to be the critical incubation period 
for total coliforms.  
These results suggest that for membranes plated on MI agar, 48-hour incubation 
periods are a more suitable time frame for evaluating the safety of well water. As 
mentioned previously, the accuracy of the 24-hour incubation must be investigated as it 
is imperative to ensure water is safe for human consumption. The continued growth of 
total coliforms and E. coli colonies after 24 hours indicates that water samples were 
indeed contaminated and this contamination was not properly detected after 24 hours of 
incubation. Therefore, in order to determine the extent of the contamination in the 
samples, reading plates after 48 hours is imperative.  
Overall, the results of the 96 samples analyzed indicate that there is cause for 
concern with the validity of the 24-hour incubation period in the EPA’s Method 1604: 
Membrane Filtration. Human health is threatened as contaminated water can contain 
many dangerous pathogens.6 Although, this should be replicated across more samples 
to ensure that the trends being observed in this study are true with larger sample sizes. 
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If the trends persist across a greater sample pool, then the 24-hour incubation called for 
in the EPA’s protocol needs revision. Additionally, more studies should be conducted 
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